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ABSTRACT 
Solid Oxide Fuel Cell (SOFC) technology is an effective method of energy conversion 
due to its high efficiency and fuel flexibility. A limiting factor for SOFC performance is 
the oxygen reduction reaction (ORR) that occurs at cathode surface. This research 
involves the study of changes in the surface composition and structure at the surface of 
the cathode, since these changes can directly influence the ORR. Idealized single crystals 
of cathode materials Lao.sSro.2Mn03 (LSM) and La,_xSrxCoyFe,_y03 (LSCF) were grown 
as heteroepitaxial thin films on lattice matched single crystal substrates. These thin films 
have well defmed solid gas interfaces and extremely flat surfaces that are useful model 
systems. The as-deposited films were characterized by x-ray diffraction (XRD), atomic 
force microscopy (AFM), Rutherford backscattering spectrometry (RBS) and 
transmission electron microscopy (TEM). 
Changes upon heating the films to operating temperature and pressures were 
characterized using various synchrotron x-ray techniques. Total Reflection X-ray 
v 
Fluorescence (TXRF) measurements, which probe compositional changes, were made at 
high temperature in real time. The LSM surfaces were found to develop manganese 
enrichment when heated. Highly strontium doped LSCF were found to develop 
strontium-rich surfaces. On lowering the strontium doping concentration of LSCF, the 
amount of surface strontium content is reduced. Quenching preserved the high 
temperature compositional nature of these perovskite materials. X-ray Absorption Near 
Edge Spectroscopy (XANES) confirmed that the changes to film surfaces are irreversible. 
HArd X-ray PhotoElectron Spectroscopy (HAXPES) was used to investigate the 
electronic structure of the materials. LSM undergoes a redistribution of manganese 3+, 
4+, and 2+ surface states depending on annealing conditions. Highly strontium doped 
LSCF precipitates a surface strontium phase that contains both oxide and carbonate 
contributions. Although, lowering the bulk strontium doping of LSCF decreases the 
strontium surface precipitation, these precipitates order as triangles in-plane with the film 
orientation. 
Vl 
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1. Introduction 
Solid oxide fuel cells (SOFCs) are chemical to electrical energy conversion 
devices that could potentially reshape how energy demands are fulfilled. SOFCs have a 
potential efficiency over 70%, fuel flexibility, low emissions, and low degradation over 
long time scales.' Commonly, SOFCs are operated at high temperatures (above 800°C). 
At these temperatures expensive housing is needed to contain an operating stack as well 
as coatings to contain the oxidation of the metallic interconnects. Lowering the 
temperature of an operating device would allow for more conventional materials to be 
used, thus lowering overall cost. Incorporation of oxygen into the cell at the cathode 
surface is identified as a rate-limiting step in an SOFC. Understanding the reaction 
kinetics of the oxygen reduction reaction at the surface of the cathode is vital to designing 
a system that will perform well at lower temperatures. A commercialization goal is to 
reduce operating temperatures without sacrificing performance. 
In order to exploit the advantages of SOFCs, an understanding is needed of the 
surface chemical states of cations on the surface of the cathode and how this relates to the 
oxygen reduction reaction (ORR): 
1 
0 + 2e' + V0·· ~ 0 0x 2 2(g) 1.1. 
where e' is an electron in the electrode, V0 is an oxygen vacancy in the electrode and OJ 
is an oxygen on an oxygen site. Equation 1.1. shows the overall oxygen reduction 
reaction, but in an actual material there are other steps that act simultaneously. The 
1 
process is composed of first, oxygen adsorption on the surface of the cathode and then, 
electron transfer to the adsorbed oxygen. For an electronic conducting cathode, the 
charge transfer happens at the triple phase boundary (TPB) and the oxygen ion is then 
incorporated into the solid electrolyte.2 In a mixed ionic electronic conductor (MIEC), the 
charge transfer can happen over some volume away from the electrode/electrolyte 
interface, and the charged oxygen species can diffuse to the electrolyte? 
Recent work is beginning to understand how changes in cation dopant 
concentration impacts surface phase formation.4'5 Cations in these materials segregate to 
grain surfaces and create phases that can both enhance (as small, nanoscale adsorption 
sites) oxygen incorporation and block (large insulating phases) incorporation sites. 
In this research, idealized thin film films of these cathodes were grown on a 
variety of single crystal substrates. Thin films allow for a well-defined surface/gas 
interface with surfaces amiable to surface x-ray studies. A variety of x-ray fluorescence 
experiments were done with the aim of measuring bulk and surface structure, local 
atomic environments and charge states of cation species at high temperatures. The bulk 
diffusivity constants were measured by direct isotope exchange experiments as a function 
of temperature and oxygen partial pressure. 
Two different categories of cathodes were studied; an electronic conductor, 
strontium doped lanthanum manganite (LSM), and a mixed ionic electronic conductor, 
lanthanum strontium cobalt ferrite (LSCF). Both of these are well known SOFC cathode 
materials and have shown promising properties in working cells. 
Total reflection x-ray fluorescence (TXRF) experiments done on 30% doped LSM 
2 
films have suggested strontium segregates to the surface and form strontium enriched 
nanoparticles.6 Previous work by Yildiz et al. has looked at Mn K-edge XANES of LSM 
and seen no dependence on polarization at high temperature. Yildiz and coworkers also 
looked at La L111 -edge XANES for LSM and LCM and suggests that there is an increase 
in the number of electronic La 5d-band vacancies in the near surface region of these 
materials.7 
Commercial applications of solid oxide fuel cells (SOFCs) commonly use the 
MIEC strontium doped lanthanum cobalt iron oxide (LSCF) as the cathode. The widely 
used composition Lao.6Sro.4Coo.2Feo.&03 (LSCF-6428) exhibits surface instability resulting 
in surface strontium segregation. For both idealized thin films and grain surfaces of 
sintered cathodes LSCF-6428, surface strontium enrichment has been reported 
previously.8•9' 10·11 '12. Oh et al. showed that precipitates form on grain surfaces upon 
annealing after 50 hours. 12 Segregation has been found for other AB03 perovskites 
including Lao.sSro.2Co03±o· (LSC). 13'14 Previous studies attribute the surface strontium to 
oxide and hydroxide phases. 9' 13 ' 14'15 Strontium oxide is an insulator. 16 High surface 
coverage of Strontium oxide will reduce activity by blocking incorporation sites. 12·17 
In this study we show that precipitates begin to appear at even earlier times than 
50 hours. LSCF-6428 precipitates strontium oxide at high temperature; the oxide evolves 
to carbonate phases at temperatures lower than 740 °C. Both surface oxides and 
carbonate phases are a form of degradation that in large concentrations will block 
incorporation sites. 
3 
Other groups have shown that a low concentration of surface phases may in fact 
be beneficial to overall cell performance by promoting surface exchange. 17' 18 
Understanding how the surface chemistry changes during initial heating may reveal a 
way to exploit the self-decorating nature of these materials. This information is vital to 
design more efficient cathodes and thus more efficient clean energy devices. 
4 
2. Deposition and Characterization 
This project relies on the reliable growth of thin films of cathode materials with 
atomically smooth surfaces. Thin films allow for a well-defined surface/gas interface 
with surfaces amiable to surface x-ray studies. (LaosSro.2) 0.95Mn03±o (LSM-20), 
(Lao.sSro.z)o.9sFe03±o (LSF-20), Lao.6Sro.4Feo.zCoo.s03±o (LSCF-6428), and 
Lao.6Sro.4Feo.zCoo.s03±o (LSCF-7328) films were grown by pulsed laser deposition (PLD). 
A requirement for the prepared samples is that the deposited films are smooth, since 
glancing incidence angle x-ray experiments are dependent on surface flatness . 
2.1. Pulsed Laser Deposition 
Pulsed Laser Deposition (PLD) targets were made at BU by the pressed powder 
technique. Precursor powders were mixed in stoichiometric amounts and calcined at high 
temperature. The calcined powder was then crushed and ball-milled into a fmer powder. 
Next, the fine powder was uniaxially pressed into a compact then sintered. The targets 
were loaded into the PLD growth chamber at the Environmental Molecular Sciences 
Laboratory (EMSL) at Pacific Northwest National Laboratory (PNNL). 
All of the single crystal substrates were obtained from CrysTec GmbH 
Kristalltechnologie based in Berlin, Germany. During the deposition, the substrates are 
heated and both the target and substrates are rotated to ensure even deposition. A krypton 
fluoride laser of 248 nm is focused on the target. The target material is ablated and the 
material in the plasma plume is deposited onto the substrate. The growth process is done 
5 
in an oxygen environment in the 10 to 100 millitorr range. A schematic diagram of the 
deposition chamber is shown in Figure 1. 
laser 
beam 
sample 
rotator 
Figure 1: Schematic of the P LD system at EMSL. The pulsed beam ablates a target and 
the substrate is heated from behind. Both the target and substrate are rotated during a 
deposition. 
6 
The growth parameters can be tuned during a deposition are substrate 
temperature, oxygen partial pressure, and growth rate. For films grown on well lattice 
matched substrates, depositions in 10 millitorr oxygen at 550°C produced good films. 
Oxygen environments up to 50 millitorr and temperatures up to 750°C were used as an 
attempt to produce better films. 
2.1.1. Substrate Selection 
Substrates were chosen for a variety of factors. Matching the substrate lattice as 
nearly as possible to the deposited film is important to grow high quality films with as 
few grain boundaries as possible. Lanthanum aluminate (LAO) and neodymium gallate 
(NGO) were chosen as good lattice matched candidates. 
Another requirement for fluorescence experiments is that emission lines of the 
film be well enough separated from the substrate that there is no interference. Clearly the 
lanthanum in LAO will interfere with both LSM and LSCF. NGO fulfills the 
fluorescence requirement and IS a preferable substrate when examining lanthanum 
fluorescence of the thin films. 
Another goal is to make cathode films on relevant electrolyte material. Films were 
grown on single crystal yttria stabilized zirconia (YSZ), a common SOFC electrolyte. 
Having films on YSZ will allow a bias to be applied in the future, as is the case in a 
working device. However, there is significant mismatch between LSM on YSZ. 
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2.2. Characterization Techniques 
2.2.1. Rutherford Backscattering Spectroscopy 
After an initial deposition for each composition, Rutherford Back Scattering 
(RBS) was done to ensure the deposited film had the expected composition. For RBS 
measurements, the sample is placed in the ultrahigh vacuum (UHV) end station of the Ion 
Accelerator at EMSL at PNNL. 19 Helium ions of 1.5 MV were accelerated to the sample. 
The high energy ions collide with the atomic nuclei in the sample and are backscattered. 
Different elemental nuclei scatter the ions to different angle at different energies. An 
energy resolving area detector was used to collect the backscattered ions, and detected 
peaks can be assigned to specific atomic weights. 
2.2.2. Optical Profilometry 
Optical profilometry is a nondestructive method of measuring film thickness. A 
photo detector stage is scanned in the z-direction perpendicular to the plane of the film 
and focal planes are measured.20 Two-dimensional surface morphology of the samples 
were measured. The edge of the deposited sample is measured to determine the relative 
height of the masked (no film deposition) and the PLD grown film. A typical 
measurement is shown in Figure 2. For a given film, the number of laser pulses used in 
PLD growth is known and with the thickness information, the amount of material 
deposited per pulse can be calibrated. 
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Figure 2: Optical Profilometry thickness measurement of 250nm LSM film. . Top: 
topographical measurement showing the edge of the film. Bottom left: 2-D height 
showing location of line scan. Bottom right: Line scan across film edge, verifYing 
thickness to be 250nm. 
2.2.3. X-ray Diffraction 
X-ray diffraction (XRD) is used to probe the orientation of crystallites in the 
material. Bragg' s law describes the condition of constructive interference as x-rays are 
reflected from parallel planes: 
n/1. = 2d sine 
n is an integer, II. the wavelength of the incoming light wave, d the spacing between 
crystal planes, and 8 is the angle between the incident light and crystal planes (Figure 3). 
A measurement made where the incident angle is equal to the outgoing angle is a 8 - 28 
9 
scan. During the scan, peaks in the detected photon count indicate where the Bragg 
condition is met and the lattice spacing can be calculated. 
Figure 3: Bragg's law describes constructive interference for x-ray impingent on a 
crystal structure. 
2.2.4. Transmission Electron Microscopy 
Transmission electron microscopy (TEM) gives insight into the crystal structure 
by producing images at a sub nanometer level. In this project, cross-sectional TEM 
samples were used to study the quality of heteroepitaxy and the orientation of the thin 
films relative to the substrate. 
2.2.5. Atomic Force Microscopy 
Atomic force microscopy (AFM) was used to investigate surface morphology of 
the as-deposited and annealed samples. It is particularly important to have smooth 
samples for glancing angle x-ray experiments. As some samples are annealed at high 
10 
temperature, surfaces roughen. AFM provides an excellent way of characterizing the 
evolution of surface roughening. 
2.3. LSM-20 
LSM is an electronic conductor. LSM films of (La0.sSro.2)o.95Mn03±o, of 
thicknesses ranging from 25nm to 250nm were deposited on single crystal LAO(OO 1 ), 
NG0(011), and YSZ(l11), and (110) substrates. LSM-20 can be indexed using a pseudo-
cubic lattice constant of ac = 3.884 A at room temperature.21 
2.3.1. LSM-20 on LAO (100) 
For film growth, the LAO substrates were heated to 550°C in 10 millitorr of 
oxygen. LAO has a cubic lattice constant of ac = 3.79 A at room temperature.22 This is a 
good match to LSM and these conditions produced good films. The x-ray diffraction 
(XRD) pattern is shown in Figure 4. The 8 - 28 scan shows that there are no 
polycrystalline peaks. The films are further proven to be heteroepitaxial using 
transmission electron microscopy (TEM) (Figure 5). The films are indeed well oriented 
to the LAO substrate, and no dislocations are observed. An electron diffraction pattern 
also shows the diffracted peaks. For 250 nm LSM films on LAO, the root mean squared 
(RMS) surface roughness was found to be less than 0.3 nm for as-deposited samples 
(Figure 6). Samples annealed at 800°C for 12 hours were seen to have no change in RMS 
surface roughness. 
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Figure 5: LSM on LAO (001). Left: Electron diffraction patterns. Right: A High 
Resolution Electron Micrograph (HREM) micrograph. 
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Figure 6: LSM on LAO(OOJ). AFM image showing the surface of an annealed sample. 
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2.3.2. LSM-20 on YSZ 
A real SOFC device operates under an electrical bias. In order to understand what 
happens to cathode surfaces under bias, thin films need to be grown on realistic 
electrolyte material. YSZ is a common SOFC electrolyte. Since single crystal substrates 
of YSZ are available, films were grown on various YSZ orientations. 
The YSZ substrates were heated to temperatures ranging from 550°C to 750°C in 
10-50 millitorr of oxygen during PLD depositions. There is a larger mismatch between 
the LSM and YSZ lattice than for LAO; YSZ is cubic with ac = 5.12 A.23 Figure 7 shows 
the XRD patterns for 250 nm LSM films grown on YSZ(llO) and YSZ(lll) substrates. 
The strong substrate peaks are identified. Also present are polycrystalline peaks 
indicating the presence of more than one crystallite orientation. 
The films on YSZ have a columnar texture. The LSM grown on YSZ is oriented 
but not heteroepitaxial. A TEM image of as-deposited LSM on YSZ is shown in Figure 8. 
As-deposited films are columnar in nature with approximately 30nm grain size. As-
deposited films have an RMS surface roughness of less than 0.4nm. Annealing these 
films at high temperatures introduces large grain growth (Figure 9) and associated surface 
roughening. For samples annealed in air at 1000°C the RMS surface roughness increases 
to tens of nanometers. Samples annealed in air at 1200°C have and RMS roughness of 
over 1 OOnm (Figure 1 0). But, when annealing in air at 800°C for up to at least 40 hours, 
the surface roughness remains unchanged. 
14 
~ 
c: 
5 
~ 
~ 
.... 
0 0 ..... 0 0 ..... 0 0 0 0 ..... ..... 0 ..... ..... N 0 ..... 
=- =- =- !::!. !::!. !::!. !::!. ~ ~ ~ 
~ 
l.E+6 
1.E+5 ---~-~---· 
l.E+4 
1.E+3 
l.E+2 
1.E+ 1 .l-....--'-- -,....C'--- __;\--_ _i_ _ __:. _ __;c........,-----'-.--'---'-~ 
20 30 40 50 
Two-theta (degrees) 
60 70 80 
- LSM on YSZ 110 
- LSM on YSZ 111 
Figure 7: LSM on YSZ(JJO) and YSZ(lll). Both films are 250 nm thick. 
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Figure 8: TEM image of as-deposited LSM film on YSZ. 
glue 
Figure 9: TEM image of LSM on YSZ annealed 4 hours at 11 00°C. 
As deposited 
RMS = 4 .8nm 
Annealed 1000C 1hr. 
RMS = 11.6nm 
Annea led 1200C 1hr. 
RMS = 131.3nm 
Figure 10: AFM annealing study of LSM deposited on YSZ(l11) . 
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2.3.3. LSM-20 on NGO(llO) 
The NGO substrates were heated to 550°C in 10 millitorr of oxygen. NGO (110) 
has a good lattice match to LSM (1 00) (pseudocubic indexing) and these conditions 
produced good films. NGO is orthorhombic with a= 5.43 A, b = 5.50 A, c = 7.71 A.24 
The XRD pattern is shown in Figure 11. These films are well oriented to the substrate. 
NG0(110) NG0(220) 
LSM(100) NG0(330) 
LSM(200) 
30 40 50 60 70 80 
Two-Theta {de g) 
Figure 11: XRD of LSMfilm on NGO (1 00) 
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2.4. LSF 
Strontium doped lanthanum ferrites are mixed ionic-electronic conductors 
(MIECs).25 MIEC have an advantage over electronic conductors in that the oxidation 
reduction reaction can occur throughout the cathode and not just at the triple phase 
boundary. (Lao.sSro.2)o.9sFe03±o, (LSF-20) films of 250nm were grown. LSF-20 has a 
pseudocubic lattice parameter of 3. 91 A. 26 
2.4.1. LSF-20 on LAO(lOO) 
LSF-20 is very nearly the same crystal structure as LSM-20, with just a slightly 
larger lattice size (3.91A for LSF compared to 3.884 A for LSM). It's not surprising that 
the deposited films ofLSF-20 are also very well oriented on LAO. The XRD pattern and 
AFM image are shown in Figure 12 and Figure 13. There is a good lattice match and the 
films are well oriented with the LAO substrate. The as-deposited surface is very flat with 
an RMS surface roughness of0.31 nm. 
No further work was done with LSF in the project. Characterization of the 
deposited films is included here for completeness. 
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Figure 12: LSF on LAO(l 00). The deposited film is 250 nm thick. 
80 
Figure 13: AFM LSF as-deposited. The RMS surface roughness is 0. 31 nm. 
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2.5. LSCF 
Lanthanum strontium cobalt ferrite (LSCF) is another MIEC. LSCF can be treated 
as a solid solution of LSF and strontium doped lanthanum cobaltite (LSC), where LSC is 
metallic and LSF is a semiconductor.27 LSCF is sometimes seen as a more attractive 
SOFC cathode because it has higher ionic and electronic conductivity.28 
2.5.1. LSCF-6428 
Lao.6Sro.4oCoo.2Feo.s03±0 is rhombohedral at room temperature and undergoes a 
phase change to cubic symmetry between 673 and 773 K.29 But it can be treated as 
pseudocubic even at room temperature. The pseudocubic lattice constant is 3.893 A.30 
The XRD pattern of LSCF-6428 on LAO is shown in Figure 14. There is very 
good alignment of the film to the substrate; as expected from the close lattice match. The 
structure of LSCF is very close to LSM. LSCF also forms good films when deposited on 
NGO. A cross sectional TEM image is shown in Figure 15. There are clean interfaces 
between the substrate and film. AFM also revealed smooth as-deposited surfaces with 
and RMS surface roughness of 0.68 nm. 
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Figure 14: XRF of LSCF-6428 film on LAO There is good alignment between deposited 
film and substrate. 
carbon 
LSCF 
Figure 15: Cross sectional SEM image of LSCF-64 2 8 films grown on LA 0. 
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2.5.2. LSCF -7328 
Thirty percent doped LSCF (LSCF-7328) thin films were deposited on NGO. 
LSCF -7328 is rhombohedral at room temperature, but can be indexed as pseudocubic 
with a cubic lattice constant is 3.886 A.30 As an even closer lattice match to LAO, it's not 
surprising LSCF -7328 is well oriented on LAO. High-quality heteroepitaxial thin films 
were deposited on NGO. 
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3. Synchrotron Techniques 
3.1. Chamber design 
A chamber (Figure 16) was designed and assembled to allow large solid angle 
access to incoming and outgoing x-rays. This chamber is capable of heating a sample to 
1 000°C and can operate in oxygen partial pressures from 1 o-6 torr up to atmospheric 
pressure. The heating element was commercially available from HeatWave Labs. The 
incoming beam angle can be adjusted to below the critical angle of samples, allowing a 
near-surface mode of operation. The top part of the chamber is a beryllium dome that 
allows x-rays to penetrate. 
The beryllium dome was originally intended for use with diffraction 
measurements. Initial work on this project found that there are non-uniform contaminants 
in the dome that become a problem for our measurements as the chamber is rotated. Of 
particular concern is the abundance of iron as a contaminant.31 X-rays passing through 
the dome will excite the dome contaminants; fluorescence from iron in the cathode film is 
indistinguishable from iron in the dome. This makes it impossible to get accurate 
measurements of iron fluorescence signals of LSCF. Since the chamber heater is 
compatible in air, the experiments in this report were therefore performed in air at room 
and elevated temperature. 
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Figure 16: Synchrotron chamber equipped with a heater that can operate up to I 000°C 
in air with water-cooled base. With a beryllium dome vacuum can be obtained down to 
10-6 torr. 
3.2. Total Reflection X-ray Fluorescence (TXRF) 
Total reflection x-ray fluorescence is a useful way to depth-profile the surface 
composition of materials. The technique is not destructive and can be used at elevated 
temperatures in real time. X-ray fluorescence occurs when an incident photon ejects a 
core electron from an atom. The core hole is unstable, and is quickly filled by an electron 
in a higher orbital. As the system changes to the lower energy-configuration, energy is 
released. Fluorescence is when the energy is released as a photon; the photon's energy is 
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equal to the difference of the energy of the higher orbital and the core level. An energy 
resolving experiment is dependent on a detector that can accurately measure the energy 
of the ejected fluorescing photons. Experiments in this project were done at beamline 
X23A2 at Brookhaven National Laboratory. The beamline is equipped with a Vortex 
four-element silicon drift detector that has a resolution of approximately 220e V at 6 
keV.32 A schematic of an energy resolving fluorescence experiment is shown in Figure 
1 7. The small energy range of each peak corresponds to an atomic transition. Each peak 
is summed using a single channel analyzer (SCA). 
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Figure 17: Schematic of energy resolving fluorescence measurements. There is a small 
energy range for each measured peak that corresponds to specific atomic emission lines. 
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Total external reflection of occurs below the critical angle ac , given as: 
a =A c 3.1. 
where A is the wavelength of light, p is the electron density and r0 is the classical electron 
radius. In a typical experiment, the angle of the incident beam is varied though the critical 
angle. Total Reflection X-ray Fluorescence (TXRF) can be used to depth profile 
materials.33'34'35 Below the critical angle, the x-rays decay as an evanescent wave and will 
only penetrate the top few nanometers. 
During a measurement, the incoming photon energy is set to be above the 
absorption edge energy of any lines that are to be measured. After aligning the sample, 
data from each set SCA window is collected as the sample is scanned in angle through 
the critical angle. Typical raw data is shown in Figure 18. One note of caution is that, as 
the sample is tilted it is possible to get a signal from the side of the substrate. Below zero 
angle data is not physically meaningful to the film, and is due to interaction with the side 
of the substrate. The TXRF measurements should be understood by reading from high 
angle towards low angle; penetrating to more surface sensitive. The measured intensity 
I (e) is proportional to the number of scaterers, N (e) in the material: 
N(e) oc I(e) 3.2. 
For strontium and lanthanum: 
3.3. 
3.4. 
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where a and fJ are not know a-priori. The A-site ratio is: 
3.5. 
Where CA is a constant: 
3.6. 
CA is not known a priori but can be found by the noting that above the critical angle the 
bulk of the film is probed. The bulk A-site ratio is fixed by the thin film composition and 
measured directly by RBS. The coefficient CA can then be calculated from: 
3.7. 
With a solution for CA the A site ratio, RA, can be plotted for all angles. 
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Figure 18: Typical TXRF raw data. Below the critical angle only the topmost nanometers 
are measured. Below zero, the data is dominated by contamination from fluorescence 
coming from the side of the samples and is therefore nonphysical. 
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3.3. X-ray Absorption Fine Structure (XAFS) 
X-ray absorption fme structure (XAFS) experiments require an x-ray source with 
a tunable energy. Using a synchrotron source is the most common approach for the 
ability to vary energy and achieve high photon flux. In an x-ray absorption experiment, 
Beer' s law describes how the photons are absorbed: 
3.8. 
I 0 is the incident intensity, t is the sample thickness, f.1 is the absorption coefficient, and I 
is the intensity transmitted through the sample. The absorption coefficient f.1 is usually a 
smooth function of energy: 
3.9. 
where pis the sample density, Z is the atomic number, A the atomic mass, and E is the x-
ray energy. As the energy is increased to be equal to the binding energy of a core-level 
electron, the absorption is discontinuous. At incident energy above an absorption edge of 
an element, core electrons can be excited. The empty core electron level is filled with 
electrons falling from higher energy levels, and a fluorescent photon exits the atom. By 
monitoring the fluorescent photons when scanning energy the absorption coefficient can 
be measured: 
J1(E) = log(/0 / I) 3.10. 
The exiting photon is sensitive to the local electronic environment of the material. 36 The 
photon interference with the nearest atoms is sensitive to the species of atoms present and 
their locations. XAFS refers to the oscillatory structure of the fluorescence signal just 
below and above the absorption edge.37 A Typical XAFS spectrum is shown in Figure 19. 
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Figure 19: Strontium k-edge XAFS spectrum of as-deposited LSM on LAO taken at room 
temperature. 
3.3.1. Extended X-ray Absorption Fine Structure (EXAFS) 
In an EXAFS analysis, the oscillations above the absorption edge are what are 
desired. The EXAFS fine structure x(E) is defmed as: 
(E) = /l(E)- /lo(E) 
X llJ1o(E) 3.11. 
J1(E) is the measured absorption coefficient, J1o(E) is a smooth background, and llJ10 (E) 
is the jump at the threshold energy. It is useful to treat the exiting photons as waves, so 
energy is converted to wavenumber k as : 
_ J2m(E- E0 
k- h2 3.12. 
The EXAFS spectra are analyzed using Bruce Ravel ' s software suite based on Ifeffit 
. l'b 38 programmmg 1 rary. 
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3.3.2. X-ray Absorption Near Edge Structure (XANES) 
XANES spectra can be difficult to analyze fully. For other materials, density 
functional theory calculations compared to near edge measurements have helped 
understand the 3d valence electrons states.39 In this project changes in XANES spectra 
will be analyzed to investigate qualitative changes in 3d shell configurations. 
3.4. Hard X-ray Photoelectron Spectroscopy (HAXPES) 
The oxidation reduction reaction that is occurring at the triple phase boundary of 
electronic conductors, and throughout a surface region in mixed ionic electronic 
conductors is dependent on the oxidation states of the associated ions. To measure the 
oxidation states, HArd X-ray PhotoElectron Spectroscopy (HAXPES) measurements 
were performed. Photoelectron spectroscopy makes use of the photoelectric effect. 
Incident x-rays of hv collide with and eject electrons of a material. The emitted 
photoelectrons have a kinetic energy, EK of: 
3.13. 
where ¢is the work function, and £8 is the binding energy of the electron in the material 
(before it was emitted). The binding energy is specific to the core binding environment of 
h . 1 d 'd . 40 eac atomic e ement an ox1 atwn state. 
HAXPES offers some advantages over lower energy XPS techniques. Higher 
incident photon energies overcome surface contamination and result in improved signals 
without the need to heat in vacuum. Also, HAXPES allows for a tunable penetration 
depth, so correlations can be made between the depth dependence seen in composition by 
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TXRF and oxidation states of cations. 
A schematic of the HAXPES process and typical wide scan in kinetic energy is 
shown in Figure 20. The analyzer measures the kinetic energy of the photoelectrons by 
applying a voltage across an inner and outer hemisphere. As electrons are deflected in the 
field, only a small range of electron energies are collected and counted for a given 
potential. The field across the hemispheres is varied and a histogram of counts per kinetic 
energy is obtained. 
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Figure 20: Schematic of HAXP ES experiment. Emitted photoelectron kinetic energies are 
measured using a hemispherical detector. 
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4. Surface Evolution of LSCF -6428 Thin Films 
4.1. Surface Compositional Changes 
TXRF compositional measurements were made to determine the effect of 
temperature on the surface cation ratios. An energy resolving Vortex four-element 
detector and separate single channel analyzers were used to window and count emission 
lines for La-La, Sr-Ka, Co-K~, and Fe-Ka.32 
LSCF cathodes in working device will operate at high temperature. It is important 
to understand the how the high temperature composition evolves with time. First, an as-
deposited LSCF -6428 sample was aligned at room temperature and measurements were 
taken of the as-deposited condition. Then, the sample was heated to 800°C in air. 
Measurements were taken continuously for 8 hours. The scan time was about 40 minutes. 
Below the critical angle, the increase in the ratio indicates higher strontium content. 
Figure 21 shows the evolution of the strontium to A-site ratio of LSCF-6428 
measured at high temperature. At 800°C the surface is still evolving, with strontium 
content increasing over eight hours. A problem with in-situ high temperature 
measurements is limited ability to time-average scans as the surface is evolving. To get 
better statistics, an attempt was made to quench from high temperature and see if the high 
temperature state is preserved. Also plotted in Figure 21 is a thick black line is data taken 
for a sample quickly quenched to room temperature after 5 hours at 800°C. The ex-situ 
sample is consistent with high temperature measurements and allows for longer count 
times and better counting statistics. 
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Figure 21: Strontium to A site ratio for LSCF-6428 as measured by TXRF. Below the 
critical angle increased surface strontium is observed. The surface enrichment is 
enhanced over at least 8 hours of anneal time. 
The increase in surface strontium can be monitored by the slope of the ratio just 
below the critical angle. The slopes for LSCF -6428 (both high temperature and 
quenched) are plotted in Figure 22. Quenching preserves the high temperature state 
within the error of the high temperature signal and provides more reliable data. Simner et 
al.41 used impedance spectroscopy to find initial rapid cell degradation during the first 50 
hours followed by slower degradation of cells utilizing a LSCF-6428 cathode. This might 
be explained in part by the nonlinear increase in time of the Sr/(Sr+La) ratio seen in this 
33 
study (Figure 22). For the 40% strontium films, surface enrichments is happening rapidly 
for the first 5 hours then continues at a slower rate over at least 50 hours. 
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Figure 22: Slope of strontium to total A-site ratio just below the critical angle. This 
shows the surface evolution for films grown with 40% strontium concentration in the 
bulk. Quenching preserves the high temperature state of LSCF-6428 while allowing for 
more accurate measurements (black and red lines). There is initially a dramatic increase 
that continues at a lower rate over at least 5 hours. 
34 
4.2. Surface Chemistry Evolution 
There are clearly cation composition changes in the surfaces. HAXPES was used 
to identify the oxidation state changes associated with the compositional increase in 
surface strontium. LSCF samples annealed at 800°C in air and quenched after 0.5, 1, 2, 5 
and 20 hours were studied. Incident photon energies of 2140eV and 3000eV were used, 
and the energy was calibrated using the 3d binding energy measured from a silver foil. 
Strontium 3d is a doublet from spin orbit splitting into 3d3/2 and 3d512. The data 
has been fit to two doublets. Figure 23 shows the data and fits for the strontium 3d 
region. The peak at 131.8 can be identified as the bulk perovskite phase. 18 The higher 
energy peak is from the surface and evolves in both area and position with annealing 
time. 
To compare the amount of surface strontium to bulk perovskite strontium the ratio 
of the integrated areas of the two peaks is plotted in Figure 24 as a function of annealing 
time. The contribution of surface strontium is increasing with anneal time and seems to 
reach equilibrium after 5 hours. The higher ratio value for the lower incident photon 
energy reflects the difference in probing depth. The lower photon energy is indeed more 
surface sensitive. 
The position of the surface peak can identify the strontium. In Figure 25 the 
position of the surface and bulk peaks are plotted for the various annealing times. The 
bulk perovskite peak at lower energy is essentially unchanging. The surface peak falls 
between 133.0 and 134.0eV these energies correspond to strontium oxide (SrO) and 
strontium carbonate (SrC03) respectively.9 The increase in binding energy with time 
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indicates an increase in strontium carbonate. After a few hours, the surface peak binding 
energy relaxes back towards strontium oxide. 
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Figure 23: Sr 3d region. Spectra were taken with incident photon energies of (left) 
2140eV and (right) 3000eV The amount of surface strontium (red line) increases with 
annealing time. 
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Figure 24: Ratio of surface strontium to bulk strontium. The ratio stabilizes after about 5 
hours. The lower photon energy shows a higher concentration increase. This indicates 
that the higher binding energy peak is indeed due to surface changes. 
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Figure 25: (Left) positions of the Sr 3d bulk and surface peak for 2 photon energies. 
(Right) The position of the surface peak changes with annealing time, initially indicating 
increasing carbonate, and then relaxing towards strontium oxide. 
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4.3. Thermodynamics of SrC03 formation 
The standard Gibbs free energy for the reaction: 
SrO + C02 -> SrC03 4.1. 
IS given as: 
/1G0 = -230,290 + 161.43T J/mole42 4.2. 
Thermodynamic equilibrium dictates that: 
( 
( -230,000+161.43T)) 1 
exp - = 
RT [aco2 ] 
4.3. 
Since for a gaseous phase, the activity is given as the partial pressure. In air, the 
typical partial pressure for C02 is 390 ppm, giving ac0 2 = 3.9X10-
4
. For this activity of 
C02, the transition temperature from SrO to SrC03 is 1015 K (742 °C). This means, that 
the SrO phase formed on the surface will at least partially convert to SrC03 on cooling to 
742°C or lower. 
4.4. Surface Morphology 
The surface chemistry changes occur simultaneous with morphological changes. 
Oh et al. found increasing particle size and density with increasing temperature. 12 In this 
study atomic force microscopy was used to investigate the samples after quenching from 
800°C for various times (Figure 26). The root mean square (RMS) surface roughness 
changes from 0.68nm for the as-deposited sample, to 0.7lnm, 1.05, 3.80, 6.48nm for 
quenching times of 1, 2, 5 and 20 hours respectively. There is little change after 1 hour at 
high temperature. By 2 hours particulates begin to form on the surface as well as pores 
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into the surface. The size of both the particles and pores increases through 5 and 20 
hours. 
Figure 26: 1 Jim x 1 Jim AFM micrographs of LSCF after various anneal times. 
The evidence suggests that strontium is leaving the perovskite phase to form 
oxides and carbonates as surface particles. The strontium seems to be leaving the bulk in 
localized places and not uniformly; the pores could indicate where the strontium has 
migrated away from the bulk phase. 
4.5. Conclusions 
Quenching preserves the high temperature state. The ex-situ TXRF measurements 
on quenched samples are more reliable as multiple scans can be taken for better counting 
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statistics. TXRF shows increased surface strontium. And the surface seems to be 
changing over at least 20 hours although the evolution slows as time increases. The 
strontium enhancement is consistent with SrO and SrC03 formation, where the oxide 
phase is most likely the only contribution at high temperature. Apparently, some fraction 
of the oxide particles that form on the surface react with carbon dioxide in the air to form 
strontium carbonate as the samples are cooled to room temperature. 
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5. Surface Evolution of LSCF -7328 Thin Films 
Since LSCF 6428 showed significant surface SrO phase formation, a lower Sr 
composition LSCF was investigated to see if lowering the bulk strontium concentration 
affects the surface phase evolution at high temperature. A composition with 30% Sr, 
L~4l.7Sr03Co0 .2Feo .s03 (LSCF-7328), was chosen, and thin films ofLSCF-7328 has been 
studied using the synchrotron techniques total reflection x-ray fluorescence (TXRF), and 
hard x-ray photoelectron spectroscopy (HAXPES) to measure surface compositional and 
electronic structure changes. Atomic force microscopy (AFM) was also used to reveal the 
surface morphology. 
Thin films of LSCF-7328 (100) were grown on neodymium gallate NGO(Oll) 
single crystal substrates by pulsed laser deposition (PLD). Fluorescence experiments are 
by design energy resolving, so NGO gives the advantage of decoupling absorption 
between the film and substrate. 
5.1. Surface Composition 
The previous chapter shows TXRF results for LSCF-6428 films that have been 
annealed at 800°C. It was observed that quickly quenching to room temperature from 
high temperature preserves surface composition. Therefore in this study, LSCF-7328 
films were quenched from 800°C after 1, 2, 5, 20, and 50 hours for ex-situ measurements. 
A pristine "as deposited" sample was also measured. 
The increase in surface strontium can be measured by the slope of the strontium to 
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A-site ratio, RA, just below the critical angle. The slopes for LSCF-7328 as well as 
previous data from LSCF-6428 are plotted in Figure 27. For both compositions, an initial 
slope of zero corresponds to the surface and bulk having the same composition for the as 
deposited samples (time = 0). Large negative numbers indicate significant strontium 
surface enhancement for 40% Sr material. There is some emichment of LSCF-7328 that 
occurs within the first couple hours of annealing. But, the 30% Sr material exhibits 
significantly less strontium enhancement for long anneal times. And the overall surface 
concentration seems to be nearly constant. 
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Figure 27: Slope of strontium to total A-site ratio just below the critical angle. This 
shows the surface evolution for films grown with 40% and 30% strontium concentration 
in the bulk. Quenching preserves the high temperature state of LSCF-6428 while 
allowing for more accurate measurements (black and red lines). The 30% film has 
significantly less strontium surface enrichment. 
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5.2. Surface Chemistry 
Hard x-ray photoelectron spectroscopy (HAXPES) measurements were conducted 
at beamline X24A at the National Synchrotron Light Source at Brookhaven National 
Laboratory. An incident photon energy of 2140e V was used, and the energy was 
calibrated using the 3d binding energy measured from a silver foil. The as-deposited, 2, 
20, and 50 hour annealed samples were studied. The lanthanum 3d, cobalt 2p, and iron 2p 
have no obvious changes upon annealing (Figure 28). 
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Figure 28: XPS spectra for the as deposited and 2, 20, and 50 hour 800°C annealed 
samples. La 3d, Co 2p, Fe 2p, and the C 1 s & Sr 3p regions are shown. 
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A shoulder at higher binding energy of the strontium 3p doublet emerges at high 
temperature. This higher binding energy feature is also present in the Sr 3d spectra 
(Figure 29). The Sr 3d signals have been fit to 3 doublets corresponding to a bulk 
perovskite LSCF phase, a surface strontium oxide phase, and a surface strontium 
carbonate phase. The binding energy of each peak is reported in Table 1. Comparing the 
peak areas, the percentage of each phase is reported in Table 2. In all cases there is 
slightly more carbonate than oxide contribution. After the initial increase in surface phase 
upon annealing for 2 hours, increasing anneal time does not cause large changes in phase 
formation. 
Table 1: Strontium 3d peak positions ofLSCF-7328. 
Bulk Oxide Carbonate 
As deposited 131.9 132.8 133.7 
2 Hours 131.8 133.2 134.1 
20 Hours 131.8 132.8 133.7 
50 Hours 131.7 132.7 133.6 
Table 2: Strontium 3d peak contributions ofLSCF-7328. 
Bulk Oxide Carbonate 
As deposited 76.1% 9.2% 14.7% 
2 Hours 57.6% 20.5% 21.9% 
20 Hours 53.6% 21.5% 24.8% 
50 Hours 56.9% 19.5% 23.6% 
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Figure 2 9: Curve fitted Strontium 3d region of the HAXP ES spectra of LSCF- 7 3 2 8. 
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In addition to the strontium changes, the oxygen Is peak displays interesting 
changes. There are multiple influences on the oxygen Is spectra; Van Der Heide 
identified five contributions (Bulk 0 2-, Surface Sr-0, Surface B-Ob, Surface C032-, 
Surface 0-0b) to 0 Is spectra of La1-xSrx-based perovskite systems. The 0 Is peak for 
the four samples is shown in Figure 30. The post-annealed samples have surface features 
of strontium oxide, strontium carbonate and di-oxygen (possibly 02- or Co/-). The peak 
at 132 eV of the as deposited spectra might be related to a surface oxide bound to a B-
terminating atom. The feature at 132 eV is not present in the post-annealed samples. The 
fitted spectra are shown in Figure 3I and the fit results are reported in Table 3 and Table 
4. A single "bulk" peak is insufficient to fit any of the oxygen spectra, so a second was 
introduced into the fit. For all spectra, the two bulk peaks have a smaller width (~0.7eV 
for the lower energy and ~0.9 at the higher energy peak) than any of the surface peaks 
(1.6 to 2.0 eV). 
Table 3: Oxygen 1s peak positions ofLSCF-7328. 
Bulk I Bulk2 Sr-0 B-0 Sr-C03 0-0 
As Deposited 528.3 528.6 53 I. I 533.4 
2 Hours 528.2 528.6 530.I 532.0 
20 Hours 528.3 528.6 530.0 531.6 533.2 
50 Hours 528.3 528.7 530.0 531.7 533.4 
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Table 4: Oxygen ls peak contributions of LSCF -7328. 
Bulk1 
As Deposited 30.57% 
2 Hours 20.56% 
20 Hours 22.67% 
50 Hours 24.19% 
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Figure 30: Oxygen Is photoelectron spectra. Also shown are the binding energy 
positions of contributions assigned to 01 s spectra of oxides as assigned by van der 
Heide. 9 
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Figure 31: Curve fitted 0 Is region of the HAXPES spectra ofLSCF-7328. 
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5.3. Surface Morphology 
Atomic force microscopy was used to examme the surface morphological 
changes. As deposited, 2, 5, 20 and 50 hour 800°C annealed samples were measured. 
Figure 32 shows the surfaces. All topographs are plotted with the same height scale. The 
as deposited films are quite flat, with an RMS surface roughness of about 0.3 nm. After 2 
hours of annealing, the surface roughens by an order of magnitude to 2.9 nm; the initial 
roughening occurs uniformly. Coarsening of the surface particles is apparent after 5 hours 
of annealing; the overall RMS surface roughness is 3.4 nm. By 20 hours there are large 
triangular surface features that are interspersed around smaller sized rounder features ; 
here the overall roughness is 3.7 nm. Through 50 hours, there is significant surface 
roughening, including pore formation. The roughness increases with annealing time, the 
maximum being 7.2 nm after 50 hours. The large triangular structures and the smaller 
(nearly) circular features are still present even as surface pores are created. 
Surface precipitates on LSCF-40 have shapes of rods, triangle, and irregular 
polygons. 12 The prominence of right-triangles in these LSCF-7328 surfaces is clearly 
different from LSCF-40. Liu et al. found right-triangular growth of graphene on cube-
textured (100) Cu foils. 43 They propose that in-plane surface crystal structure could 
restrict precipitate orientation; this results in right triangle formation aligned with the 
shorter sides aligning along the (0 1 0) or (00 1) directions of the substrate. It may be that a 
similar surface constraint is causing the right triangle precipitate formation for LSCF-
7328 thin films. 
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Figure 32: Atomic force microscopy images ofLSCF-7328 thinfilms. 
5.4. Conclusions 
The amount of surface strontium segregation for La1-xSrxCOQ.2Fe080 3 materials is 
related to the amount of strontium dopant of the bulk. Lowering x from 0.4 to 0.3 causes 
less migration to the surface, as shown by TXRF measurements. However the surface 
migration is not eliminated by reducing the strontium content. For LSCF -73 28, annealing 
at 800°C causes chemical migration of surface strontium that has both oxide and 
carbonate phases. The relative amounts of these phases are much higher in annealed 
samples than in the initial as deposited film. The overall chemical nature of the surfaces 
changes little with annealing times ranging from 2 to 50 hours. However, the surface 
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morphology shows significant evolution. General roughening, triangular shaped 
precipitate development, and pore formation appear over longer time scales at high 
temperature. 
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6. Surface Evolution ofLSM-20 Thin Films 
6.1. Surface Composition 
TXRF experiments to examme the surface composition changes at high 
temperature were performed at X23A of the National Synchrotron Light Source (NSLS) 
at Brookhaven National Laboratory (BNL). TXRF data was taken as a function of angle. 
When making measurements at high temperature in real time in-situ, repeating a 
measurement means the surface can evolve during the scan time. Often, repeating a scan 
is desired for repeatability, and to sum multiple scan together for better counting 
statistics. This problem is solved if quenching preserves the high temperature state. Then, 
measurements repeated at room temperature are of higher quality than those at elevated 
temperature. Also it allows more use to be made of limited beam time, without the time 
needed to heat up and cool down. 
Measurements made at high temperature were compared to data for a quenched 
sample. Figure 33 shows the A to B site ratio for LSM. The as-deposited sample has a 
slight change below the critical angle. The sample was then heated; once 800°C was 
reached, data was taken continuously for about 8 hours. These scans clearly fall together, 
meaning that by the time the system reaches temperature, no further changes are 
occurring over the 8 hours. Also shown is a curve for a sample quenched from high 
temperature after 5 hours. The data shows excellent agreement with the high temperature 
data sets at angles above about 0.08 degrees. The most important part of the data is just 
below the critical angle, and the agreement here means quenching does indeed preserve 
the surface composition. 
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Figure 33: TXRF for LSM-20. Data shown is for an as-deposited sample, data taken at 
800°C continuously for 8 hours, and a sample quenched from high temperature after 5 
hours of annealing. Also indicated is the critical angle. 
Knowing that quickly quenching preserves the high temperature state, the 
possibility of slowly cooling can also be investigated. Since changes occur upon heating, 
slowly cooling a sample after reaching 800°C can reveal if the high temperature changes 
are reversible. Three types of samples were studied: as-deposited samples; samples 
heated to 800°C then quenched by quick removal from the annealing oven, and samples 
heated to 800°C then slowly cooled at a rate of 5 °C/min. 
Signals from strontium, lanthanum and manganese were monitored. Plotting the 
normalized ratio of strontium to the total A site (Sr/(Sr+La)) fluorescence (Figure 34) and 
the ratio of the A site to B site ((Sr+La)/Mn) fluorescence (Figure 35) the evolution of 
surface concentrations is examined after annealing at high temperature. The key issue is 
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how the ratios behave as the incidence angle decreases below the critical angle - this is 
the mode in which the surface composition is sampled. At the very lowest angles, near 
zero degrees, signal levels are low and the ratio instead becomes dominated by the small 
tails of fluorescence from the substrate. For LSM, the surface A site ratio remains very 
similar to the bulk ratio, and there is no change upon annealing. As-deposited LSM films 
grown on both substrates show a higher manganese concentration at the surface than in 
the bulk of the film. This manganese surface enrichment is enhanced in samples heated to 
800°C and quenched or slowly cooled. 
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Figure 34: Normalized ratio of strontium to the total A site as a function of incident 
angle. Left: LSM on NGO. Right: LSM on YSZ. 
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Figure 35: Normalized ratio A site to B site as a function of incident angle. Left: LSM on 
NGO. Right: LSM on YSZ. 
6.2. Local Chemistry changes using XANES 
X-ray Absorption Near Edge Spectroscopy (XANES) data was taken in surface 
and bulk sensitive modes. Three types of samples were examined: as-deposited samples, 
samples measured in-situ at 800°C, and samples cooled from 800°C. Taking the 
smoothed first derivative of XANES spectra allows easier comparison between samples 
without washing out the large absorption edge.44 
There are essentially no changes in the Mn K-edge pre-edge behavior for bulk 
LSM on either substrate (Figure 36 and Figure 37). When we examine the Mn K-edge 
surface XANES spectra for these samples, some interesting things become apparent. The 
as-deposited surface and bulk signals are very similar. However, the main absorption 
peak broadens out in the surface signal upon heating, indicating a mixture of manganese 
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oxidation states. This broadening remains after cooling back to room temperature and is 
irreversible. In contrast, strontium K-edge XANES revealed there were no chemical 
differences between the bulk and surface strontium and no change upon annealing and 
cooling. 
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Figure 3 6: Derivative of surface and bulk Mn K-edge XANES spectra for LSM on NGO. 
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Figure 3 7: Derivative of surface and bulk Mn K-edge XANES spectra for LSM on YSZ. 
6.3. Local Chemistry changes using HAXPES 
Figure 38 (left) shows the ability to pick up changes on 0 ls spectra in the as 
deposited and annealed (5 hat 800°C) LSCF thin film. The higher binding energy peak to 
the left is a signature of surface states; these are possibly due to adsorbed phases on the 
surface. Figure 38 (right) also shows a change in the Mn 2p peak shape (see inset) 
between the as deposited and annealed samples. These shape changes are due to the 
superposition ofMn+2, Mn+3 and Mn+4 peaks in changing intensity ratios. The shapes can 
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be deconvoluted for direct measurement of ratios of variable charge cations.45 Of course, 
the total concentration of manganese can be obtained from the TXRF data. 
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Figure 38: HAXPES data of Left: 0-ls peak in an LSCF film on YSZ, and Right: Mn-2p 
peaks for LSM thin film on NGO, in the as-deposited and annealed states. 
6.4. Conclusions 
LSM-20 shows no strontium enrichment at the surface upon annealing at 800°C, 
and there is no evidence of near surface strontium electronic structure changes. 
Comparing our results with previous reports of strontium segregation in 30% Sr samples6 
suggests that strontium surface segregation may be dopant concentration dependent. The 
LSM-20 surface manganese concentration is higher than in the bulk. Annealing further 
enhances the manganese content relative to as-deposited samples. Major changes in 
surface XANES suggest there are significant changes in the near-surface manganese 
electronic structure with annealing that are irreversible. 
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7. Oxygen- 18 Tracer Diffusion Studies 
The tracer oxidation method is an excellent technique for direct measurement of 
oxygen diffusion in a given material. This method was used by Wang et al. for 
Ba0 5Sr0.5Co0.8Feo.203 films.46 The oxygen incorporation reaction involves surface 
exchange of oxygen followed by diffusion into the bulk. It is important to measure the 
surface exchange and diffusion kinetics of oxygen into the cathode material. In this study 
a sample is equilibrated at high temperature in oxygen-16, and then exposed to isotopic 
oxygen-18 for a controlled time. The sample is then space profiled by secondary ion mass 
spectrometry (SIMS). The thin film samples grown on lanthanum aluminate (LAO) have 
no grain boundaries, so true bulk diffusion is measured by this technique. In this project, 
diffusion coefficients of LSM-20 at three temperatures (600°C, 700°C, 800°C) and three 
partial pressures (0.03atm, 0.16atm, 0.30atm) of oxygen were measured. 
Each sample was covered in a dense gold barrier layer to prevent diffusion 
through the top of the sample. A slice was then made with a low speed saw through the 
gold and film and into the substrate. This configuration allows for a 1 dimensional 
diffusion path is laterally, in plane with the film (Figure 39).47 
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Figure 3 9: Schematic of 1-D 0-18 tracer diffusion into the LSM thin film. 
7.1. Deposition of gold gas barrier layer 
Gold shot (99.95% pure from Alfa Aesar) was e-beam evaporated from a 
molybdenum crucible using a CHA Solution Process Development System. The samples 
to be coated were suspended above the crucible with the film side down. Gold was 
chosen as a gas barrier layer to limit any reactions with the film and oxygen at high 
temperature. 
The first attempt at depositing the gold layer was as a 250 nm thick coating. These 
films developed pores when the samples were heated to high temperature (Figure 40). 
Increasing the thickness of the gold layer to 720 nm eliminated the pore formation but 
caused gold particles to form on the surface. The dots have no effect on the integrity of 
the gas barrier layer, so this thickness was used for all the coatings. 
The thicker 720 nm gold layers introduced another problem. The gold was curling 
back from the edge of the cut (Figure 41 ). To remedy the delamination, the samples were 
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annealed at 400C to relieve stress in the coating before cutting (Figure 42). 
Figure 40: SEM image of 250 nm gold coated LSM-20 films afier heating to 800C for 15 
minutes. Pores open in the gold layer. 
Figure 41 : SEM image of 720 nm gold coated LSM-20 films after cut. Significant 
delamination of the gold coating occurs. 
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Figure 42: Top down SEM image of 720 nm gold coated sample after cut. Gold dots are 
formed on the coating upon annealing. Good quality of gold gas barrier layer and sharp 
cut are observed. 
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7.2. Oxygen-18 isotope exposure 
A coated and cut sample was placed in a chamber with a silicon sample. The 
composition of the silica formed during the oxidation of silicon is used to calibrate the 
isotope level in the gas (Section 7.4.2). The chamber is then heated to the desired 
temperature in the desired pressure of 0-16 and held for a long time to ensure the LSM 
has equilibrated. The chamber is then quickly removed from the furnace to rapidly 
quench to room temperature. At room temperature, the oxygen diffusion kinetics are 
extremely slow, so the oxygen-16 gas is pumped out. 0-18 is then introduced into the 
chamber at the same pressure as the 0-16 anneal. The chamber is then reinserted into the 
furnace. The 0-18 anneal lasts one hour and then the chamber was again quenched to 
room temperature, preserving the high temperature equilibrium state. Once the chamber 
and sample return to room temperature, the oxygen-18 was reclaimed using a zeolite 
pump. This allows the 0-18 to be reused for subsequent annealing exposures. 
7 .3. Measurement of oxygen concentration using SIMS 
Beinninghoven describes the TOF-SIMS measurement.48 In a TOF-SIMS 
experiment a beam of ions with ke V of energy are impinged on a surface. Energy is 
transferred to the surface atoms where some of the surface particles are emitted (Figure 
43). The generated secondary ions are accelerated through a voltage Uac· Neglecting the 
initial energy of the secondary ion, all ions enter the flight path (of length L) with the 
same kinetic energy. Taking T to be the measured time of flight: 
7.1. 
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This method determines the mass of the particle emitted from the surface and is sensitive 
enough to resolve the difference in masses of oxygen-18 and oxygen-16. 
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Figure 43: Formation of secondary ions. When a metal surface Me (Ag, Au ... : hatched 
circles) covered by a monolayer of molecules M (white circles) is bombarded with a 
primary ion (black circle), secondary ions are emitted, typically including the quasi-
molecular ions (M + H)', (44 -H) .and (M +Me)*. The neutral particles, fragment ions, 
and metal ions also emitted are not shown here. 48 
A top down schematic of the gold coated, cut, and exposed sample is shown in 
Figure 44 a. The film adjacent to the cut needs to be exposed. In order to determine the 
time it takes to sputter halfway into the film, a test spot is sputtered far away from the cut 
(Figure 44 b). The sputtering is done with cesium ions at 50 nanoamps. During this test 
sputter, the intensity of the secondary ions is measured as a function oftime (Figure 45). 
There is a very clear plateau of the intensity of oxygen. This plateau identifies the oxide 
film. It takes hundreds of seconds to sputter through the entire film. A time 
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approximately halfway in the plateau is chosen as a sputter time adjacent to the cut so 
that the sample is sputtered down into the 0-18 exposed edge of film. An image of the 
exposed film at the cut edge is shown in Figure 46. With the cut edge exposed, lower 
energy bismuth ions at 0.05 picoamps are used to produce the secondary ions. The 
intensity of 0-16 and 0-18 is measured as a function of distance to the cut edge. The 
SIMS analysis resolves two-dimensional concentrations of 0-16 and 0-18. Figure 4 7 
displays typical data of the counts of oxygen species obtained as a direct measurement. 
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• 
a) b) 
c) d) 
Figure 44: Top down schematic of gold coated, sliced, and exposed sample. Yellow is the 
gold coating. Red is the slice through the film, into the substrate. The grey regions shows 
where sputtering is done. a) Gold coated, sliced and exposed sample. b) Sputtered test 
region away from cut edge. Test region is to calibrate sputtering time needed to expose 
film. c) Sputter away gold layer and into the exposed film at the cut edge. d) Area TOF-
SIMS taken at exposed film . The area intensities are then integrated parallel to the cut to 
reveal concentration ratios as a function of distance to the cut edge. 
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Figure 45: Tof-SIMS Intensity of specific atomic species. Tot-SIMS data collected as a 
function of time during test sputtering away from the cut edge. The LSM film is being 
sputtered away from about 800 to 1600 seconds. 
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Figure 46: Real image of exposed film at the cut edge. 
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Diffusion region 
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Figure 47: Two-dimensional SIMS data. The cut edge is at the top. The yellow color 
indicates high counts of each oxygen species. 
7.4. Extracting Diffusion Coefficients from measurement 
7.4.1. Solution to the diffusion equation 
The two-dimensional SIMS data for 0-18 and 0-16 can be integrated along the 
cut edge and a 1-D profile is obtained, as shown in Figure 48. The entire diffusion profile 
occurs within a few microns, and the entire film is millimeters across. Assuming quick 
surface kinetics, diffusion into a semi-infinite slab is solved as:49 
C-C0 f ( X ) 
- =er c --
c9-ca z.J D~t 7.2. 
Where C is the tracer concentration as a function of depth, Co is the natural abundance of 
0-18, Cg is the tracer concentration of the gas, and D~ is the tracer diffusion coefficient. 
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The extracted diffusion coefficient for LSM-20 is extracted from the one-dimensional 
profile. 
700°C 0.16 atm 0.25 
0.2 
0.15 
o 018/(018+016) - Fit 0.1 
0.05 
0 
5 4.5 4 3.5 3 2.5 2 1.5 1 0.5 0 
Distance (Jlm) 
Figure 48: Typical bulk diffusion profile and fit for an LSM samples annealed at 700°C 
in 0.16 atm oxygen partial pressure. 
7.4.2. Determination of Cg 
The silicon sample that was in the exposure chamber with the LSM is vital to 
calibrate Cg for each sample. Since the 0-18 was recycled from the zeolite pump, Cg 
could be different for each measurement. Oxide will form on silicon surfaces during 
annealing50. TOF-SIMS data was taken on the silicon surface to determine the 0-18 to 0-
16 ratio ofthe oxide layer, and from that, Cg. 
7.4.3. Measured diffusion coefficients 
For each pressure studied, D~ is plotted as inverse temperature (1jT) in Figure 49. 
For temperature between 600 and 700°C and 0.03 to 0.30 atmospheres partial pressure of 
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oxygen, D~ is found to be of the order of 10-ll to 10-13 cm2s-1. As expected, higher 
temperatures correspond to high diffusion coefficients. Also apparent is that lower 
pressures have higher diffusion coefficients. This inverse relationship is compatible with 
a vacancy diffusion mechanism as has been proposed by Yasuda.5 1 
The data shows an Arrhenius temperature behavior and an activation energy for 
diffusion was estimated to be 115 kJ •mor 1• There is a significant error of about ±40 
kJ•mor 1• The lowest measured coefficients have the largest error; this is reflected in the 
error bars of Figure 49. For these samples, the tracer oxygen diffuses to smaller depths 
into the film. The TOF-SIMS instrument has a limited lateral resolution, so the entire 
diffusion profile had to be fit to fewer points. Yasuda found an activation energy of 296 
kJ•mor' for LSM-20.51 It should be noted that Yasuda used LSM powders and not thin 
films. 
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Figure 49: Fitted diffusion coefficients for 3 pressures and 3 temperatures. 
7.5. Conclusions 
One dimensional tracer diffusion experiments are a good way to extract diffusion 
coefficients that are necessary for an accurate electrochemical model of a working fuel 
cell cathode. Direct measurement of the diffusion coefficient means one less fitting 
parameter is needed for modeling. This experiment was done on heteroepitaxial films of 
Solid Oxide Fuel Cell (SOFC) cathode material, so the bulk diffusion term corresponds to 
diffusion through grains and not through grain boundaries. 
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8. Defect chemistry modeling 
Relating the oxygen vacancy concentrations to the other compositional species in 
a material can be done through application of an appropriate diffusion model. A defect 
model, developed by Poulsen was used in this study. 52 
8.1. Electronic conductor LSM 
The Poulsen model assumes no Mn~ on the A-site, no interstitial oxygen and no 
association between defects.52 There are nine independent equations that defme the nine 
species (Table 5) concentrations in Kroeger-Vink notation53 assuming a known oxygen 
partial pressure. 
Table 5: Definition of variables used in the Poulsen defect model for LSM. 
A-Site B-Site 0-site 
La; Mn~ (Mn3+) ox 0 
Sr~ Mn~ (Mn2+) V> 0 
V~" Mn8 (Mn4 +) -
- V~" -
The equations correspond to: 
electroneutrality: 
2[Vci'l + [Mn8] = [Mn~] + [Sr~] + 3[V~"] + 3[V~"] 8.1. 
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A-site balance: 
[La~] + [Sr~] + [V~"] = 1 8.2. 
B-site balance: 
[Mn~] + [Mn~] + [Mn8] + [V~"] = 1 8.3. 
0-site balance :Mn~ 
[o~] + Wa·l = 3 8.4. 
Metal contents: 
[La~] 1- x 
= [Sr~] 8.5 . X 
{[La~] + [Sr~]} 
8.6. 
Shottky -reaction: 
Ks = Wo·P · [V~"] · [V~"] 8.7. 
Redux reaction: 
8.8. 
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Charge disproportionation: 
[Mn~] · [Mns] 
Ki = [Mn~F 8.9. 
The system of equations is solved assuming a value for [V0·]. The composition constants 
x, andy, and the kinetic constants K5 , Kn Ki> need to be known quantities. The P02 
corresponding to the assumed value of [V0·], and all the other defect concentrations can 
then be derived from the above linear and quadratic equations. The x and y values 
correspond to values obtained directly from TXRF x-ray experiments. 
Further work needs to be done to extensively measure the kinetic constants at 
different temperatures and concentrations. Studies to directly measure charge 
disproportionation in LSF have been carried out by Blasco et al.54 using XANES. Yoon et 
al.55 and Kuo et al.56 use thermogravimetry (TG) to measure the redox reaction 
coefficient Kr directly. Detailed measurements of these K values are outside the scope of 
this document, but some insight can be had using available data. 
8.2. Effect of Point Defects on Oxygen Diffusivity 
The oxygen diffusion coefficient can be related to the oxygen vacancy 
concentration by the following: 
_ Z 2 kT .. ( 11gm) D0 - 6 a h[V0 ]exp - kT 8.10. 
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The parameter Z is the number of 0 atoms that are nearest neighbors to a given 0 in 
LSM, which is 8. The parameter a is the 0-0 distance in LSM (2.75A). The parameter 
11gm is the activation energy for vacancy migration. Rearranging to solve for [V,)']: 
8.11. 
From the Poulsen defect model [V0·] is a fimction of x, y, K5 , Kr, Ki and p02 . If the 
mass action constants are not strongly dependent on the oxygen partial pressure of 
composition, then they will have an Anhenius form: 
8.12. 
8.13. 
8.14. 
To eliminate the variable K5° r i we note that: 
'' 
Ks,r,i (T) ( 11gs,r,i (1 1 )) 
Ks,r,J1273) = exp - k T- 1273 8.15. 
As the mass action coefficients are known at 1273 K, this reduces the problem to four 
unknowns 11gm, 11g5 , 11gn and 11gi. The mass action coefficients at 1273 K, 
Ks,r,i(1273) , are reported by Nowatny and Rekas to be K5 = 8.67x10-25 , Kr = 
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The measured diffusion coefficient is used to uniquely solve for [V0·] from 
equation 8.11. This [V0·] then determines the calculated pressure, Peale• from the defect 
model with the 4 activation energies as input variables. Comparing Peale to the actual 
pressure Pexp the activation energies can be varied using MATLAB to minimize the error, 
e, defined as: 
1 
en = ( t (P,.,, - P,.v) 2 r 8.16. 
Nine conditions (three temperatures and three pressures) were used experimentally for 9 
measured diffusion coefficients. Minimizing en yields a value of en = 0.1564 and the 
following calculated activation energies (Table 6). 
Table 6: Calculated activation energies of LSM. 
!!,.gm 1.2eV 
!!,.gs 0.63eV 
!!,.gr 0.030eV 
!!,.gi 0.046eV 
With these calculated activation energies, a predicted Brower diagram can be 
calculated for LSM-20 at 1073 K (Figure 50). The trends seen in the defect 
concentrations at 1073 are consistent with published Brouwer diagrams at 1273K.52 Here 
the concentrations of the oxygen, A site, B site vacancies as well as Mn2+, Mn3+, and 
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Mn4+ are plotted. For all p02 less than 1, Mn3+ is the greatest B site contribution. At 
pressures below about 1 o-4 p02 the ratio of Mn3+ to Mn 4+ is nearly constant. At higher 
pressures, there is more contribution from Mn4+. 
T=800oC x=0.2 y=l 
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Figure 50: Brouwer diagram for LSM-20 at 800°C using calculated activation energies 
and the Poulsen defect model. 
8.3. Implications of Manganese Surface Enrichment 
For LSM-20, TXRF measurements revealed that there was surface manganese 
enrichment. The relative concentrations of A site to B site are defined in equation 8.6. 
Manganese enrichment corresponds to a decrease of y. TXRF gives a direct measurement 
of the surface compositional changes of cation ratios. Using this direct measurement of y 
as an input parameter in the Poulsen defect model, the depth dependent nature of other 
cation and vacancy concentrations can be inferred Of course, defect models refer to 
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periodic bulk lattices .. Here an assumption is made that the surface behaves as bulk-like 
layers that can have varying y values. 
Further, with the calculated activation energies, the effect of Mn surface 
emichment can be calculated at 800°C for 20% strontium doping. The manganese and 
oxygen vacancy concentrations for fixed k values at 800°C and air (p02 = 0.21) and 
varied y is plotted in Figure 51. Unfortunately, there is not a complete database for how 
mass action coefficients depend on composition and temperature and pressure. In the 
absence of compositional dependent data for K5 , Kr and Kb the calculated mass action 
coefficients are valid for y= 1. As y is varied far away from y= 1 the error will be 
increasing. The rightmost points where y = 1 have the proper k values. At the 
stoichiometric pointy= 1, Mn3+ is the highest manganese species. As y decreases, the 
concentration of Mn3+ drops and Mn 4+ increases. Surface Mn 4+ sites are more 
energetically favorable binding sites for oxygen than Mn3+.58 Surface manganese 
emichment seems be beneficial to oxygen incorporation, provided it increases 4+ states. 
The oxygen vacancy concentration also increases with decreasing y. Vacancy 
concentration is proportional to the bulk oxygen tracer diffusion coefficient. 59 If the 
assumption holds that the surface behaves as bulk like layers, then the surface has higher 
oxygen diffusivity than deeper in the bulk. Both of these effects, Mn4+ and oxygen 
vacancy increases are beneficial to cathode performance. This surface rearrangement of 
increased Mn4+ and decrease of Mn2+ relative to the bulk concentrations has been 
experimentally verified by Piper et al. , who used X-ray absorption spectroscopy (XAS) 
and X-ray emission spectroscopy (XES) on thin film samples identical to the samples 
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used for this project.4 
It should be stressed here that the trends shown in Figure 51 are included here as a 
qualitative reference that is valid near the stoichiometric point, y=l. Assumptions about 
the mass action coefficients (equations 8.12, 8.13, and 8.14) do not take into account the 
dependence on pressure or composition. Also, the site balance constraints are not valid 
for surfaces. Nevertheless, for small changes in pressure and composition, the results help 
elucidate that compositional changes in the near surface region are favorable for 
operation of SOFC cathodes. 
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Figure 51: Mass action coefficients of LSM-20 are calculated at 800°C from the 
activation energies. Defect concentrations are calculated for nonstoichiometric LSM-20 
where the A to B site ratio is varied below y = 1. Manganese concentrations are plotted 
on the left axis. The oxygen vacancy concentration is plotted on the right axis. 
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9. Conclusions 
The surface of LSM and LSCF thin films undergo complex changes when they 
are exposed to conditions relevant to SOFC operation. Since it is at these cathode 
surfaces where oxygen is incorporated, such surface instability should effect oxygen 
incorporation. This study researched surface phase formation and changes in the surface 
composition in LSM and LSCF in ideal single crystal atomically smooth thin films grown 
on lattice-matched substrates. The atomically smooth surfaces enable grazing x-ray 
experiments that are not possible with porous granular cathodes, which are used in a 
working SOFC. However, these results should provide significant insight into changes 
occurring at the surfaces of the porous cathodes in a real SOFC. 
Films grown by pulsed laser deposition have carefully controlled stoichiometry 
and thickness. The orientations of the films mostly depend on the substrates and not the 
growth process. The films orientations were classified using XRD and TEM, and for well 
lattice matched substrates are heteroepitaxial. These high quality films have surfaces that 
are smooth enough to be studied with grazing incidence x-ray techniques. 
LSCF develops surfaces particulates as strontium segregates out of the perovskite 
phase. Comparative TXRF measurements in real time at high temperature and of 
quenched samples show that quenching preserves the high temperature state of the 
surface. This segregation at 800°C in air begins in the first hour at high temperature and 
continues to increase over at least 50 hours. The strontium rich surface particles are 
consistent with oxide and carbonate phases. Lowering the amount of strontium dopant 
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from 40% to 30% has the expected consequence of reducing the overall amount of 
strontium rich phase formation on the surface. However, the surface precipitates of lower 
dopant concentration film orient as right triangles. More research is needed here to 
identify why such orientation occurs for one composition and not the other. Additional 
compositions between x=0.3 and x=0.4 could be grown to see at what values of x 
precipitate orientation occurs. 
LSM-20 does not precipitate strontium rich particle. However, manganese 
enrichment does occur at the surface. Comparative TXRF measurements in real time at 
high temperature and of quenched samples again show that quenching preserves the high 
temperature state of the surface. Also apparent is that the surface manganese enrichment 
is irreversible upon cooling. Upon reaching high temperature, B site enrichment is not 
changing over 8 hours. HAXPES and XANES reveal that the manganese surface 
enrichment also corresponds to an oxidation state change of the manganese. 
Defect modeling enables a connection to be made between the compositional and 
chemical changes that were measured by synchrotron x-ray techniques and point defect 
concentrations in the cathode material. For LSM, the defect model suggests the surface 
manganese enrichment relates to an increase in the ratio of Mn4+ to Mn3+ at the cathode 
material surface. This increase could play an important role in oxygen incorporation and 
near-surface diffusion. 
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